Interaction of currently available laser pulses at intensity exceeding 10 20 W cm ÿ2 with dense matter leads to extreme conditions [1] . The radiation pressure of these pulses is so high that significant ponderomotive action on the irradiated target is expected despite their relatively short duration (typically of ps order) [2, 3] . Ion acceleration is a key application of ultraintense laser-matter interaction [4, 5] . Most of the experimental results obtained so far have been explained in the framework of the target normal sheath acceleration (TNSA) mechanism [6, 7] , where the energy transfer from the laser to ions located at the target rear surface is mediated by electrons. However, several theoretical works have discussed acceleration driven ponderomotively at the target surface [8] or by shocks launched into the target [9, 10] . The piston effect of ultraintense (>10 23 W cm ÿ2 ) laser radiation pressure has been recently discussed in a numerical and theoretical study [11] showing a cocoonlike deformation of ultrathin foils and acceleration of the ions up to relativistic velocities in the forward direction. A transition to the radiation pressure regime at more moderate intensities has been recently identified via multiparametric particle-in-cell (PIC) simulations [12] . Although without reaching the dramatic effects observed in [11] , at lower irradiances one can still expect that the forward momentum transfer from laser to the target ions [12] may result in collimated plasma ejection from the rear of thin foil targets. In this Letter we show the experimental evidence of quasicollimated plasma jet formation at the rear side of thin (few m) foils irradiated by intense (10 19 -10 20 W cm ÿ2 ) laser pulses. The expansion of the jets was observed lasting for several hundreds of picoseconds (ps). The underlying physical mechanism was studied by employing two-dimensional (2D) PIC simulations. On the basis of these numerical results and of analytical considerations, we suggest that the radiation pressure of the laser has a dominant role in the plasma jet formation process.
The data were collected from two experimental campaigns (say, expt-1 and expt-2) employing VULCAN Ndglass laser of Rutherford Appleton Laboratory, U.K., operating in chirped pulse amplification (CPA) mode. In expt-1(expt-2), the CPA pulse delivered 60 J (250 J) of energy in 1 ps (0.7 ps) duration. Employing an f=4:5 (f=3) off-axis parabola the beam was focused down to a 12 m (5 m) full width at half maximum (FWHM) spot over the foil target, achieving a peak intensity 3 10 19 W cm ÿ2 (2 10 20 W cm ÿ2 ). The CPA pulse was preceded by a lowintensity [10 ÿ6 (10 ÿ7 ) times the peak intensity] amplified spontaneous emission (ASE) pedestal about 500 ps (2 ns) long. The targets used in the experiments were free standing thin foils of various materials and thicknesses. A Nomarsky modified interferometer [13] was employed in order to probe transversely the plasma density at both sides of the laser irradiated target. The probe beam was a 527 nm wavelength low-intensity laser beam, achieved by frequency doubling a part of the main CPA pulse. The plasma was probed at different times with temporal resolution equal to the pulse duration of the probe beam. The spatial resolution of the interferometer was a few m. Reconstruction of the plasma density profile from the interferogram was obtained by retrieving the phase map, by 1D fast Fourier transform of the fringe pattern, followed by Abel inversion process assuming a cylindrical symmetry [14] .
In expt-1, the interaction of the CPA with a 3 m thick Al foil was probed transversely at various times, starting from 0 to 250 ps after the arrival of the CPA on the target. A small plasma bulging out from the rear side of the foil was observed at early probing times [up to 40 ps after the arrival of CPA]. At later times the plasma on the rear side of the target was observed expanding in a collimated fashion. The latest observation was at 250 ps after the arrival of CPA, as shown in Fig. 1(a) . Similarly in expt-2, the presence of a long collimated plasma jet was detected at the rear side of a 5 m thick Cu foil [see Fig. 1(c) ], which was probed at 400 ps after the CPA interaction with the target. The region where no fringes were observed in the interferograms corresponds to the shadow of the target, typically having a small amount of transverse tilt due to imperfect flatness of the foil. Nevertheless, the strong second harmonic selfemission from the target enabled us to locate the precise location of the interaction point within the shadow. Fringes in the interferograms move to the left in the presence of the plasma, except the rear side of the target in Fig. 1(a) where they move to the right. A Nomarsky interferogram typically provides two equivalent images displaced side by side, and the fringe displacement in the presence of a plasma is to the left (right) in the left-end (right-end) image [13] . While Fig. 1(b) is the left-end image of the Nomarsky interferogram, in Fig. 1 (a) the front plasma is taken from the left-end image and the rear plasma from the right-end image.
As suggested by the data obtained for thicker targets in both the experiments, a key factor to produce a sustained plasma jet appears to be the thickness of the target. Figures 2(a) and 2(b) show, respectively, the interferogram and the electron density profile of the plasma, at the rear side of a 20 m Cu foil, observed at 400 ps after the interaction in expt-2. The distinctive feature of the plasma jet, i.e., the steep density gradient at their periphery (as typically observed for thinner targets shown in Fig. 1 ) is clearly absent in this case [see Fig. 2(c) ]. In this case, roughly 4 times lower density (2: 5 10 18 cm ÿ3 at z 400 m) plasma is observed with a much larger longitudinal density scale length, compared to the case of 5 m thick Cu foil shown in Fig. 1(d) .
From the data obtained at different probing times (from 50 to 250 ps after the arrival of interaction CPA on target) longitudinal (along CPA axis) and transverse velocities of the jet were estimated. For the case of 3 m Al foil in expt-1, the longitudinal velocity of the expanding plasma jet is found to be 2 1 10 6 m=s. In this case the transverse expansion velocity of the plasma jets is estimated as 6 2 10 5 m=s, a significant (3-4) factor lower than the longitudinal velocity. Similarly, from the data collected in expt-2, shown as Fig. 1(d) , the longitudinal and transverse expansion velocity of the jet can be measured as 1 10 6 m=s and 4 1 10 5 m=s, respectively.
The characteristics of the observed jets rule out the possibility of TNSA mechanism causing their appearance. In the same experiments, acceleration of protons up to tens of MeV was seen, while the velocity of the jets implies ion energies of 10 keV=nucleon. A general feature of the TNSA mechanism is that the low energy ion component has large source size and high divergence [15, 16] . Considering, for example, the 150 m source size and 16] , one would expect that much slower ions accelerated via this mechanism would come from a much larger source than observed. In fact, recent studies of petawatt laser interactions show TNSA-accelerated low energy ions are being emitted from the entire rear surface of mm scale targets [17] .
In order to explain the observed longitudinal velocity achieved by the plasma jet, we considered a piston-like push of the portion of the target that has been irradiated by the laser pulse. Within the framework of the onedimensional snowplow approximation, we can write the equation of motion of the plasma (in nonrelativistic approximation) as
0 n foil sds with n foil x being the ion density distribution inside the foil, E 0 is the laser electric field, and m i is the ion mass. Assuming the duration of the incident short pulse is sufficient to displace the foil by its thickness, i.e., for laser > l foil =, where l foil and are the foil thickness and the ion velocity, we obtain E 0 = 2n foil m i p . Let us introduce a dimensionless parameter b =c 2a 2 l laser =2l foil . The efficiency of the laser energy transformation into the kinetic energy of fast ions is " i;kinetic =" laser =c 2 . For laser > l foil =, the ion kinetic energy is given by Eq. (17) in Ref. [18] . In the nonrelativistic limit when w 1, " i;kinetic 2m i c 2 w 2 and 2w. The ion acceleration mechanism corresponds to the radiation dominant regime. On the other hand, in the case of thick enough targets, i.e., when laser < l foil =, this is the so-called collisionless shock acceleration at the front side of the target as analyzed in Refs. [10, 19, 20] .
According to the above expressions, the axial velocity of the jet emerging from a displaced Al foil (n foil 60n c ) at a laser irradiance of 3 10 19 W=cm 2 (i.e., a 0 4:7) will be 1:5 10 6 m=s. Similarly, the longitudinal velocity of the plasma jet from the rear side of a Cu foil (n foil 85n c ) irradiated at 10 20 W=cm 2 (a 0 8:5) will be in the range 1-2 10 6 m=s, in broad agreement with the experimental observations discussed above. Based on the simple onedimensional analytical treatment, the thickness of the targets used when the jets are observed (a few m) sits approximately on the threshold between the two acceleration regimes discussed above ( laser =l foil 0:7 and 0.2 for the data collected in expt-1 and expt-2, respectively). This corresponds to an intermediate situation in which the piston push may not lead to whole target acceleration, but the ponderomotively pushed ions at the front surface can easily be transported through the thin target resulting in the jetlike expansion at the rear. In the experiment one should also consider that the prepulse erosion may reduce the thickness of undamaged solid density target present at the peak of the CPA pulse. On the contrary, in the case of Fig. 3(a) , i.e., where the jet is not observed, the thickness of the target requires at least an order of magnitude longer CPA pulse used in the experiment for approaching the requirements for whole target acceleration. Furthermore, collisional stopping of ions pushed at the front surface as they propagate through the target is likely to play a role in preventing their emergence as a jet at the target rear if the target is thick enough. Some further considerations can be made regarding the role played by the prepulse. The observation of energetic protons in both experiments implies that the prepulse was not capable of eroding the total target thickness before the arrival of the main CPA on target [21] . Indeed, 2D hydrodynamic simulations using the code POLLUX [22] indicate that ablation by a prepulse with the experimental parameters is not sufficient to disrupt the rear surface of foils thicker than 1 m. A combination of the hydrosimulation results and interferometric measurements also provides information on the plasma conditions at the front surface immediately before the CPA interaction: the preplasma has a gradient of a few m scale length at the critical density surface, which is located a few m in front of the solid density target.
In order to support the considerations discussed above, we performed model PIC simulations of the interaction. A full scale PIC simulations of the jet dynamics over the time scales of the experimental observations cannot be accomplished by presently available computational power. However, a clear understanding of the radiation pressure effect of the intense laser pulse interaction with a thin overdense plasma slab is highly pedagogical. By employing the 2D version of the REMP [23] code we simulate the initial stage of the plasma jet formation over a time interval which is finite but substantially longer than the laser pulse duration. In the numerical simulations, a p-polarized laser pulse interacts with an overdense plasma slab in a computation box of size 125 30. The pulse is Gaussian, with effective sizes of 250 7 and the amplitude a 0 3. This amplitude value corresponds to a pulse intensity of 1: 23 10 19 W=cm 2 at the wavelength, 1 m, in which case the dimensionless parameter b and w are equal to 10 ÿ2 and 4:2 10 ÿ3 , respectively. The thickness of the foil is taken as equal to 3 and its density as 25n c . The ratio Zm e =m i is equal to 1:361 10 ÿ4 , which corresponds to the effective ionization (mean ion charge) Z 6:745 for the Al foil and Z 15:9 for Cu target. The front side of the foil interacting with a laser pulse becomes deformed and the ions are accelerated in the forward direction under the action of the laser pulse ponderomotive force [see Fig. 3(a) ]. The plasma flow at the target rear side extends over for 25 m in 1.7 ps. The longitudinal ion momentum is several times larger than the transverse momentum [see Figs. 3(c)-3(e) ], and the ion-electron cloud propagates in the forward direction in a form of a collimated bunch. The longitudinal ion momentum and their velocity, 5 10 ÿ3 c, correspond to b 5 10 ÿ3 . The transverse velocity is approximately 4 times lower. In separate simulations we verified that a preplasma as present, for example, in Expt-1, i.e., having a near critical scale length of 5 m, has no effect on the jet formation process. In fact, simulations show that ponderomotive steepening of the density profile near critical takes place as the intensity rises on target, and at the peak of the pulse the ponderomotive pressure is directly exerted on the bulk target density.
An additional collimation effect comes from the quasistatic magnetic field generated by fast electrons at the rear side of the target. The magnetic field with its maximal strength B 5m e ! 0 c=e at t 1:35 ps [see Fig. 3(b) ] by acting on the electrons pinches the plasma jet towards the axis. The bunch transverse size is approximately equal to the waist of the irradiated region, 10 m. The magnetic field can contribute significantly to the long term pinching of the ejected plasma plumes [24] . Since the ion momentum distribution along the x direction shown in Figs. 3(c)-3(e) is laminar there will no ion momentum isotropization and one should expect the jet persistence at later times. As a result of the jet ballistic motion after 250 ps its length and width will reach approximately 400 and 100 m, respectively, in agreement with the experimental measurement.
In conclusion, collimated plasma expansion from the rear side of thin targets irradiated with high power lasers has been observed in different experimental conditions. The thickness of the target is seen to play a vital role for the jet formation from the rear side. From the basis of the 2D simulations and 1D snowplow model the mechanism of the collimated jet formation is consistent with the effect of the strong radiation pressure of laser on thin solid targets.
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